Ebola virus causes rapidly progressive haemorrhagic fever, which is associated with severe immuosuppression. In infected dendritic cells (DCs), Ebola virus replicates efficiently and inhibits DC maturation without inducing cytokine expression, leading to impaired T-cell proliferation. However, the underlying mechanism remains unclear. In this study, we report that Ebola virus VP35 impairs the maturation of mouse DCs. When expressed in mouse immature DCs, Ebola virus VP35 prevents virus-stimulated expression of CD40, CD80, CD86 and major histocompatibility complex class II. Further, it suppresses the induction of cytokines such as interleukin (IL)-6, IL-12, tumour necrosis factor a and alpha/beta interferon (IFN-a/b). Notably, Ebola VP35 attenuates the ability of DCs to stimulate the activation of CD4 + T cells. Addition of type I IFN to mouse DCs only partially reverses the inhibitory effects of VP35. Moreover, VP35 perturbs mouse DC functions induced by lipopolysaccharide, an agonist of Toll-like receptor 4. Deletion of the amino terminus abolishes its activity, whereas a mutation in the RNA binding motif has no effect. Our work highlights a critical role of VP35 in viral interference in DC function with resultant deficiency in T-cell function, which may contribute to the profound virulence of Ebola virus infection.
INTRODUCTION
Ebola virus, a non-segmented negative-stranded RNA virus, belongs to the family Filoviridae (Mahanty & Bray, 2004) . Infection of humans and non-human primates with Ebola virus results in a rapidly progressive severe illness characterized by bleeding, capillary leakage, multisystem dysfunction and a shock-like state culminating in death for 90 % of infected individuals (Mahanty & Bray, 2004) . While many factors, including viraemia and severe immunosuppression (Baize et al., 1999; Ksiazek et al., 1999a, b; Towner et al., 2004) , contribute to the lethal infection, viral control of innate immunity most probably plays a critical and direct role (Bray, 2001) . In infected cells, Ebola virus impairs the expression of interferon (IFN)-stimulated genes induced by either IFN or double-stranded RNA (dsRNA) (Gibb et al., 2002 , Harcourt et al., 1998 . Ebola virus suppresses IFN production in monocyte, macrophage and dendritic (DC) cells Gupta et al., 2001; Mahanty et al., 2003) . Further, Ebola virus is insensitive to IFN-a/b (Harcourt et al., 1999; Jahrling et al., 1999; Kash et al., 2006 ).
Recent studies demonstrate that knockdown of VP35 from Ebola virus inhibits viral replication and protects against lethal infection in animal models (Enterlein et al., 2006; Warfield et al., 2006) . Ebola VP35 is an essential cofactor of RNA replication and transcription (Mühlberger et al., 1999) , and can also suppress RNA silencing (Haasnoot et al., 2007) . Additionally, Ebola VP35 functions as an IFN antagonist by binding to dsRNA or TANK-binding kinase 1, leading to the inhibition of IFN regulatory factor 3 (IRF3) that induces the expression of antiviral genes and cytokines (Basler et al., 2000 (Basler et al., , 2003 Cardenas et al., 2006; Hartman et al., 2006; Prins et al., 2009) . Reverse genetic studies showed that an Ebola VP35 mutant, with the disrupted RNA binding domain, is highly attenuated both in cell culture and in vivo (Hartman et al., , 2008a . This defect parallels with the inability of Ebola virus to suppress the expression of an array of host genes (Hartman et al., 2008b) . We have noted that Ebola VP35 blocks the antiviral action of IFN-a/b mediated by dsRNA-dependent protein kinase PKR (Feng et al., 2007) . Recently, PKR has been found as a host factor that can limit replication of Ebola virus (Strong et al., 2008) . These studies suggest that the interaction of VP35 and PKR may dictate the outcome of Ebola virus infection.
to capture and process viral antigens (Shortman & Liu, 2002) . In response to virus infection, DCs migrate to lymph nodes and undergo maturation. Mature DCs display relatively higher levels of co-stimulatory molecules and release pro-inflammatory cytokines, which subsequently activate adaptive immune responses. Remarkably, Ebola virus replicates efficiently in DCs, where it blocks DC maturation Mahanty et al., 2003) . The inactivated Ebola virus particle still retains this activity (Mahanty et al., 2003; Warfield et al., 2003) . In this context, it is interesting that the Ebola virus-like particle, consisting of only matrix protein VP40 and glycoprotein GP, stimulates DC maturation and activates T cells, as well as B cells (Warfield et al., 2003 (Warfield et al., , 2005 . The GP mucin domain is required to stimulate DC maturation (Martinez et al., 2007) . However, the viral component(s) that impairs DC function remains elusive. This study was designed to investigate the interaction of Ebola virus VP35 and DCs. We report that Ebola VP35 interferes with DC maturation induced by virus and Toll-like receptor (TLR) signalling, resulting in impaired T-cell activation.
RESULTS

Ebola virus VP35 suppresses virus-induced expression of co-stimulatory molecules on DCs
To explore the interaction of Ebola virus VP35 and DCs, we used a herpes simplex virus (HSV) vector expressing Ebola VP35 (Feng et al., 2007) . This vector, derived from a defective HSV-1 lacking c 1 34.5 and thymidine kinase genes, stimulates innate immunity (Cheng et al., 2003; Verpooten et al., 2008) . We first tested the infection efficiency in mouse DCs. Purified CD11c + DCs, generated from bone marrow in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF), were exposed to virus. Infectivity was determined by FACS analysis. As shown in Fig. 1(a) , HSV and HSV-VP35 infected immature DCs in a dosedependent manner. At 5 p.f.u. per cell, they infected over 90 % of cells. Cell viability was 91 % in mock-infected cells and 85 % in virus-infected cells (Fig. 1b) . HSV-VP35 and the HSV vector both infected mouse DCs efficiently, where HSV-VP35 expressed the VP35 protein (Fig. 1c) .
Based on the above analyses, we evaluated the impact of Ebola VP35 on mouse DC maturation. Immature CD11c + DCs either mock-infected or infected with viruses (5 p.f.u. per cell) were subjected to FACS analysis 12 h after infection. As illustrated in Fig. 2 , basal levels of major histocompatibility complex (MHC) class II, CD40, CD80 and CD86 were seen in mock-infected cells. Treatment with LPS, a prototype stimulator of DC maturation, dramatically enhanced these proteins. Infection of immature DCs with HSV showed responses similar to that induced by LPS; it enhanced the expression of cell surface molecules. In sharp contrast, HSV-VP35 did not enhance the expression of these cell surface markers; the expression of MHC class II, CD40, CD80 and CD86 remained at levels similar to those of mock-treated cells.
These results suggest that VP35 suppresses virus-induced upregulation of co-stimulatory molecules in immature DCs.
VP35 inhibits viral induction of proinflammatory cytokines in DCs
One of the properties of mature DCs is the secretion of an array of proinflammatory cytokines. We carried out a cytokine analysis after exposure of DCs to different stimuli Ebola VP35 and dendritic cells by intracellular staining followed by flow cytometry. As shown in Fig. 3(a) , interleukin (IL)-6 expression remained at basal levels (8 %) in mock-infected cells. However, 6 h after the HSV vector infection, IL-6 expression increased from 21 to 45 % as infection progressed to 24 h. Notably, HSV-VP35 failed to affect this change at all time points tested, with IL-6 expression retained at levels seen in mockinfected cells. A similar profile of IL-12 expression was also seen after mock-or virus-infection (Fig. 3b) . Expression of tumour necrosis factor (TNF)-a displayed a different pattern (Fig. 3c ). Its expression was low (7 %) in mockinfected cells but drastically increased to 46 % in cells infected with HSV at 24 h. However, expression of TNF-a increased modestly in cells infected with HSV-VP35 over the course of infection (22 %).
Next, we analysed the expression of type I IFN in DCs. As indicated in Fig. 3 (d, e), IFN-a/b expression was low in mockinfected cells, whereas its expression increased markedly at 12 and 24 h in cells infected with HSV. However, IFN-a/b expression remained low in cells infected with HSV-VP35 at all time points examined. Thus, unlike HSV, HSV-VP35 inhibited IFN-a/b expression in DCs. We further determined the IFN-a/b secretion by ELISA assays. Type I IFN was barely detectable in media derived from mock-infected or HSV-VP35-infected cells (Fig. 3f) . In contrast, a significant amount of type I IFN was detected at 6 h in medium from HSVinfected cells (65 pg ml
21
) and its level increased drastically at 12 and 24 h (300 pg ml
). We conclude that Ebola VP35 blocks virus-induced cytokine production in DCs.
Suppression of type I IFN production by VP35 inhibits the induction of cell surface molecules
Since VP35 negatively modulated the expression of costimulatory molecules, we asked whether this was related to magnitude. Exposure of DCs, pretreated with IFN-b, to HSV further enhanced the expression of MHC class II, CD86, CD80 and CD40. As noted before, HSV-VP35 prevented enhanced expression of MHC class II and costimulatory molecules, and addition of IFN-b only partially reversed this inhibitory effect. These data suggest that VP35 suppresses the expression of MHC class II and CD86, CD80 and CD40 via both type I IFN-dependent and type I IFN-independent pathways.
VP35 attenuates the capacity of DCs to stimulate T-cell activation
As antigen presentation by mature DCs is essential to initiate adaptive immune responses, we examined the effect of Ebola VP35 on T-cell activation. Immature DCs were mock-infected or infected with viruses for 12 h and then treated with UV light to inactivate viruses. These cells were cultured with allogeneic CD4
+ naive T cells and analysed for T-cell activation by flow cytometry. We first measured the cell surface expression of CD44, CD69 and CD62L on CD4 + T cells. As shown in Fig. 5 (a), naive CD4 + T cells incubated with mock-infected DCs had low levels of CD44 and CD69 with mean fluorescent intensities of 9.8 and 8.3, respectively. These cells, however, had a higher level of CD62L, with a mean fluorescent intensity of 908. DCs infected with HSV induced a drastic increase in CD44 and CD69 and a decrease in CD62L on CD4 + T cells, reaching mean fluorescent intensities of 122, 96 and 23, respectively, indicative of T-cell activation. In contrast, DCs infected with HSV-VP35 reversed these effects on CD44, CD69 and CD62L substantially, showing mean fluorescent intensities of 64, 26 and 129, respectively.
Next, we determined IFN-c production in CD4 + T cells. Mock-infected DCs induced a background level of IFN-cproducing cells (9.28 %) in naive CD4 + T cells (Fig. 5b) infected with HSV-VP35, a significant population of CD4 + T cells (23.73 %) produced IL-10. We conclude from these experiments that the VP35 protein attenuates the capacity of DCs to stimulate CD4 + T-cell activation.
VP35 alone inhibits DC maturation stimulated by LPS
To further examine VP35, we evaluated whether VP35 alone had any impact on DC maturation induced by TLR signalling. Specifically, immature DCs were transduced with a retrovirus vector or vectors expressing VP35. Cells were then treated with LPS and assayed for the expression of CD80, CD86, IL-6, IL-12 and IFN-b, respectively. As shown in Fig. 6(a, b) , in the absence of LPS stimulation, all cells displayed a basal level of CD80 and CD86 expression. The addition of LPS greatly stimulated the expression of these co-stimulatory molecules in cells mock-transduced or transduced with a retroviral vector, reaching a mean fluorescent intensity of approximately 1170. However, this effect was suppressed in cells transduced with wild-type VP35 or a mutant R312A which fails to bind dsRNA.
Notably, a mutant dN190, which lacks amino acids 1-190, was unable to suppress CD80 and CD86 expression. Western blot analysis showed that VP35 variants expressed these molecules at comparable levels (Fig. 6c) .
In parallel experiments, we also examined cytokine production. Addition of LPS similarly stimulated the expression of IL-6, IL-12 and IFN-b in cells mock-transduced or transduced with a retroviral vector (Fig. 6d-f ). Both wild-type VP35 and the mutant R312A were able to suppress cytokine production induced by LPS. It appeared that wild-type VP35 and R312A inhibited IFN-b expression more efficiently than IL-6 and IL-12. Under these conditions, the mutant dN190 was unable to exert any inhibitory effect. These results suggested that VP35 is able to suppress DC maturation induced by TLR4 signalling. This activity requires the amino-terminal domain but not the dsRNA binding domain.
DISCUSSION
Ebola virus replicates robustly and inhibits DC maturation without inducing cytokine expression, which affects T-cell ) and subjected to FACS analysis with PE-labelled antibodies against CD86 (a) and CD80 (b). In parallel, lysates of cells were prepared and subjected to Western blot analysis with antibodies against VP35 and anti-b-actin (c). Cell supernatants were also assayed for the production of IL-6 (d), IL-12 (e) and IFN-b (f). The data are representative of three independent experiments with triplicate samples. Asterisks denote statistical differences (P,0.05) of samples compared with mock-and vector-transduced groups, and error bars indicate SEM.
proliferation Mahanty et al., 2003) . In this study, we provide evidence that Ebola VP35 disrupts the critical biological functions of DCs. When expressed in immature DCs, Ebola VP35 inhibited virus-induced expression of co-stimulatory molecules and proinflammatory cytokines. Furthermore, Ebola VP35 inhibited the ability of DCs to stimulate T-cell activation as illustrated by the levels of expression of CD44, CD69, CD62L, IFN-c and IL-10 in CD4 + T cells. DCs play a crucial role in different aspects of immunity, including cytokine production, antigen presentation, antibody production and interaction with natural killer cells (Bosio et al., 2004; Shortman & Liu, 2002) . In this context, our results suggest that VP35 can have a broad impact on DC maturation and function, with a consequent negative impact on adaptive immune responses.
The VP35 gene of Ebola virus is essential to promote viral pathogenesis (Enterlein et al., 2006; Warfield et al., 2006) . Previous studies demonstrated that VP35 inhibits the expression of IFN-a/b (Basler et al., 2000 (Basler et al., , 2003 . In this process, it blocks activation of IRF3 in both RNAdependent and RNA-independent manners (Cardenas et al., 2006; Hartman et al., 2004) . Unlike wild-type virus, an Ebola VP35 mutant that fails to inhibit IRF3 activation is greatly reduced in viral virulence (Hartman et al., 2008a) . As type I IFN is an activator of DCs (Gallucci et al., 1999; Luft et al., 1998; Santini et al., 2000) , it is reasonable to assume that VP35 most probably modulates DC functions by disrupting IFN-mediated effects on DCs. We noted that expression of VP35 in DCs led to the inhibition of IFN-a/b production and reduced expression of MHC class II, CD86, CD80 and CD40. Addition of type I IFN to DCs relieved this inhibitory effect to some extent, which was evident for MHC class II, CD86 and CD80. Altogether, these results suggest that Ebola VP35 impairs DC maturation, in part, by blocking of IFN production, which probably depends on the ability of VP35 to disrupt IRF3 activation. Herein, our work established a link between VP35 and impaired DC maturation probably related to IFN production.
Our work highlights a critical role of Ebola VP35 in viral interference in DC maturation. Although this involves type I IFN, it does not fully account for the observed defects in DC functions. We speculate that VP35 may work through additional mechanisms. Two lines of evidence support this prediction. Firstly, we observed that exogenous IFN-b did not fully overcome the inhibitory effect of VP35 on MHC class II, CD40, CD80 and CD86. Secondly, VP35 drastically suppressed virus-induced expression of IL-6, IL-12 and TNF-a. Although these cytokines are known to contribute to DC maturation, their expression is not regulated by type I IFN (Lopez et al., 2003) . Accordingly, a key question arises as to how VP35 functions at the molecular level. Ebola VP35 has the capacity to bind dsRNA, which is involved in the inhibition of IRF3 activation and RNA silencing (Basler et al., 2003; Haasnoot et al., 2007) . Additionally it inhibits PKR, a component integrating innate pathways leading to phosphorylation of eIF-2a and activation of NF-kB, MAP kinase and TLR responses (Feng et al., 2007; Goh et al., 2000; Jiang et al., 2003; Oganesyan et al., 2006) . Thus, this would predict that perturbation of DC functions by VP35 may depend on its ability to modulate RNA silencing or PKR activities. Our mutational analysis revealed a site-specific mutation in the RNA binding motif of VP35 did not impair its ability to block DC maturation. Interestingly, deletion of the aminoterminal domain, which is required to inhibit PKR, disrupted its activity in blocking DC maturation. Additional work is needed to understand the underlying mechanism.
Activation of TLR pathways leads to DC maturation (Honda et al., 2003) . In this regard, we observed that VP35 blocked DC maturation initiated by TLR4 signalling. In immature DCs, VP35 effectively suppressed the induction of CD80, CD86, IL-6, IL-12 and IFN-b by LPS. TLR4 signalling activates a number of transcription factors, such as IRF3, NF-kB and AP1, which requires the engagement of the adaptors TRIF and MyD88 (Takeda & Akira, 2004) . Therefore, the inhibitory effects on cell surface molecules and cytokines cannot be explained solely by the ability of VP35 to inactivate IRF3. An intriguing possibility is that VP35 may target an additional component(s) in the innate immune pathways. Work is in progress to address this issue.
Previous studies revealed that, like live Ebola virus, inactivated Ebola virus retains its ability to suppress DC maturation and cytokine production Mahanty et al., 2003) . Because Ebola VP35 is a structural protein (Mahanty & Bray, 2004) , a simple interpretation is that it may be sufficient to inhibit DC function. The data in the present study are in line with this hypothesis. Notably, when expressed in DCs, VP35 blocked DC functions. Interestingly, analysis with virus-like particles showed that glycoprotein GP is required to stimulate DC maturation (Bosio et al., 2004; Martinez et al., 2007; Warfield et al., 2003; Ye et al., 2006) . Surprisingly, virus-like particles containing VP35 as well as VP24 failed to suppress DC maturation (Martinez et al., 2007) , which could be due to their low abundance. While we have not assessed VP24, we found that VP35 inhibited the induction of MHC class II, co-stimulatory molecules and proinflammatory cytokines when expressed in surrogate systems. These phenotypes replicated those seen in DCs infected with Ebola virus Mahanty et al., 2003) , implicating VP35 as a suppressor of DC maturation.
In response to virus infection, DCs generate and integrate signals, which are vital to prime naive T cells. Our results show that, when expressed in immature DCs, VP35 interrupted this process. Notably, VP35 suppressed virusinduced IFN-c production in CD4 + T cells. Additionally, VP35 inhibited virus-induced expression of CD44 and CD69 and relieved viral-mediated suppression of CD62L. VP35 also stimulated the expression of IL-10, an antiinflammatory cytokine. Collectively, these results suggest that the expression of VP35 in immature DCs has a profound effect on different aspects of CD4 + T-cell activation, which may, in part, explain why Ebola VP35 is essential in viral virulence. Work is in progress to understand the mechanism(s) by which VP35 modulates the engagement of DCs with T-cell proliferation.
METHODS
Mice. BALB/c and C57BL/6 mice were purchased from Harlan Sprague-Dawley and housed under specific-pathogen-free conditions in a biosafety level 2 containment. Groups of 5-week-old mice were used in this study, which was carried out in accordance with the guidelines of the Animal Care Use Committee of the University of Illinois at Chicago.
Cells and viruses. Vero cells were obtained from the ATCC and propagated in Dulbecco's modified Eagle's medium supplemented with 10 % fetal bovine serum (FBS). Myeloid DCs were generated as described previously (Inaba et al., 1992) . Briefly, bone marrow cells were removed from the tibia and femur of BALB/c mice. Following red blood cell lysis and washing, progenitor cells were plated in RPMI 1640 medium (Invitrogen) supplemented with 10 % FBS, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate and 20 ng GM-CSF ml 21 (Biosource) in six-well plates at 4610 6 cells per well. Cells were supplemented with 2 ml fresh medium every other day. On day 8, DCs were positively selected for surface CD11c expression using magnetic beads (Miltenyi Biotech) to give a .97 % pure population of CD11c
+ MHCII + cells. DCs displayed low levels of CD40, CD80, CD86 and MHC class II molecules, characteristic of immature DCs. Purified CD11c + DCs were cultured in fresh medium with FBS and GM-CSF and used in subsequent experiments.
The recombinant HSV-1 vector (KY0234) lacks c 1 34.5 and the thymidine kinase genes (Cheng et al., 2003) . The recombinant virus HSV-VP35 (MC0201) has the c 1 34.5 gene of HSV replaced by the Ebola VP35 gene and lacks the thymidine kinase gene (Feng et al., 2007) . Cells were harvested and analysed at different times after infection. Where indicated, mouse IFN-b (800 U ml 21 ; Sigma), neutralizing antibodies (30 mg ml 21 ) specific to mouse IFNa/b or isotype control antibodies (PBL Laboratories) were added to media before virus infection. For TLR stimulation, LPS (1 mg ml 21 ; Sigma) was added to DCs after virus infection.
T-cell activation assay. Spleens were harvested from C57BL/6 mice and single cell suspensions were prepared. After red blood cell depletion, CD4 + T cells were purified by using micro-beads (Miltenyi Biotech) according to the manufacturer's instructions and were used as the responder cells. After virus infection, bone-marrow-derived DCs from BALB/c mice were treated with UV light and served as stimulator cells. The responder cells (1610 6 ) were labelled with carboxyfluorescein diacetate succinimidyl ester (CFSE; Invitrogen) and co-cultured with the DC stimulator cells (2610 5 ) in 2 ml media. After 48 h incubation, cells were stained with antibodies against CD44-PE, CD69-PE, CD62L-PE, IL-10 and IFN-c (eBioscience). CD4 + T cells were analysed by gating of CFSE-positive cells.
Flow cytometry. Cells were stained with FITC-or phycoerythrin (PE)-linked mAbs according to the manufacturer's instructions.
Briefly, cells were blocked with Fcc mAb (0.5 mg ml 21 ) for 30 min at 4 uC. After washing with PBS, cells were stained with anti-CD11c-PE, anti-MHCII-FITC, anti-CD40-FITC anti-CD80-FITC, anti-CD86-FITC or isotype-matched control antibodies for 30 min on ice with gentle shaking (eBioscience). Samples were analysed by using FACS Calibur and data were analysed with CellQuest Pro software (BD).
Flow cytometry of intracellular cytokine production of IL-6, IL-12, TNF-a, IFN-a and IFN-b in cells was performed as follows. A singlecell suspension was treated with brefeldin A for 6 h. After washing twice with PBS, cells were blocked with 1 ml Fcc mAb (0.5 mg ml 21 ) for 30 min at 4 uC and fixed with 4 % paraformaldehyde at 4 uC for 15 min before treating with permeabilizing buffer (eBioscience) at 4 uC for 10 min. After washing once with PBS, cells were stained with appropriate isotype controls, anti-IL-6-FITC, anti-IL-12-FITC, anti-TNF-a-FITC, anti-IFN-a-FITC and IFN-b-FITC antibodies (PBL Laboratories). Samples were analysed using FACS Calibur and data were analysed with CellQuest Pro software.
To determine viral infectivity, virus-infected DCs were fixed in 4 % paraformaldehyde (Sigma) and permeabilized as described by the manufacturer (eBioscience). Cells were blocked with 5 % normal mouse serum (Sigma), incubated with a mAb against HSV-1 ICP27 (Virusys) and reacted with a goat anti-mouse FITC-conjugated antibody (Santa Cruz Biotech). ICP27 expression was determined by flow cytometry.
Transduction and ELISA. pSIN-Ova-GFP, a dual-promoter human immunodeficiency virus type 1 vector, was a gift from Mary Collins (University College London, UK) (Rowe et al., 2009) . PCR fragments of wild-type VP35 or VP35 mutants were cloned into the BamHI and NotI sites, resulting in plasmids VP35, R312A and dN190. These plasmids were co-transfected along with HIVtrans and VSV-G into 293T cells using Lipofectamine 2000 (Invitrogen) as described previously (Feng et al., 2007) . At 48 h after transfection, supernatant was collected and the titres were determined by GFP expression. Immature DCs were transduced with retroviral constructs and cells were fed with fresh RPMI 1640 medium containing GM-CSF (20 ng ml
21
) every 2 days. On day 5, GFP-positive DCs were sorted by FACS. For ELISA, supernatants of cell culture were collected and levels of IL-6, IL-12 and IFN-b were quantified using kits from R&D systems and PBL laboratories according to the manufacturers' instructions.
